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Abstract 

Surface  structure  and  electrochemical  behavior  of  surface-fluorinated  petroleum  coke  samples  (original  petroleum  coke  and  those 
heat-treated  at  1860,  2300  and  2800  °C,  abbreviated  to  original  PC,  PC  1860,  PC2300  and  PC2800,  respectively)  have  been  investigated. 
Surface  fluorination  of  petroleum  cokes  by  elemental  fluorine  reduced  surface  oxygen.  Surface  areas  of  fluorinated  petroleum  cokes  were 
nearly  the  same  as  those  of  non-fluorinated  ones  or  only  slightly  increased  by  fluorination  except  original  PC  fluorinated  at  300  °C.  Total 
meso-pore  volumes  of  fluorinated  samples  showed  the  same  trend.  The  charge  capacity  of  non-fluorinated  petroleum  coke  was  increased 
by  heat-treatment  at  2300  and  2800  °C.  However,  the  first  coulombic  efficiency  was  the  highest,  90-89%  in  PC  1860,  decreasing  to  72-70 
and  65-64%  for  PC2300  and  PC2800,  respectively.  It  is  noted  that  first  coulombic  efficiencies  were  increased  by  12-18%  for  PC2300  and 
PC2800  fluorinated  at  300  °C. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Surface  modification  is  one  of  the  effective  methods  for 
improving  the  electrochemical  characteristics  of  carbona¬ 
ceous  electrodes  for  lithium  ion  battery.  Electrode  charac¬ 
teristics  are  governed  by  crystallinity,  surface  area,  surface 
pore  volume  distribution,  surface  chemical  species  such  as 
oxygen  and  so  on.  Several  methods  of  surface  modifica¬ 
tion  were  applied  to  improve  electrochemical  behavior  of 
carbon  materials.  They  are  surface  oxidation  [1-3],  surface 
fluorination  [4-8],  thin  metal  coating  [9]  and  carbon  coat¬ 
ing  [10-14].  Light  oxidation  of  carbon  materials  caused  in¬ 
crease  in  their  capacities  by  forming  nanochannels  at  the 
surface  while  strong  oxidation  degraded  surface  structure, 
leading  to  increase  in  the  irreversible  capacity  [1-3].  Car¬ 
bon  coating  is  an  effective  method  for  increasing  the  ca¬ 
pacity  and  first  coulombic  efficiency  [10-14].  Rotation  of  a 
reactor  was  recently  attempted  to  obtain  a  uniformly  coated 
carbon  layer  [13].  Chemical  vapor  infiltration  (CVI)  of  py¬ 
rolytic  carbon  into  a  porous  carbon  material  is  effective  to 
increase  first  coulombic  efficiency  [14].  It  has  been  shown 
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that  surface  fluorination  increases  the  capacities  of  natural 
graphite  samples  with  different  particle  sizes  [4-8].  Light 
fluorination  of  natural  graphite  powder  by  elemental  fluo¬ 
rine  increased  surface  areas  and  meso-pores  with  diameters 
of  2-3  nm,  resulting  in  the  increase  in  the  capacities  with¬ 
out  decrease  in  first  coulombic  efficiencies  [4-6,8].  Plasma 
fluorination  using  CF4  also  gave  the  same  results  for  natu¬ 
ral  graphite  powder  [7].  The  larger  capacities  than  the  the¬ 
oretical  value  of  graphite,  372  mAh  g-1  were  obtained  for 
surface-fluorinated  graphite  samples  [4-8].  In  the  present 
study,  surface  structure  change  of  petroleum  cokes  by  flu¬ 
orination  was  investigated  and  electrochemical  characteris¬ 
tics  of  surface-fluorinated  samples  were  evaluated  by  cyclic 
voltammetry  and  galvanostatic  charge/discharge  cycling. 


2.  Experimental 

2.7.  Composition  and  surface  structure  analysis  of 
fluorinated  petroleum  cokes 

The  starting  materials  were  petroleum  coke  and  those 
heat-treated  at  1860,  2300  and  2800  °C  (abbreviated  to  orig¬ 
inal  PC,  PC  1860,  PC2300  and  PC2800,  respectively).  The 
d- spacing  of  (00  2)  diffraction  lines  were  0.3450,  0.3385, 
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0.3366  and  0.3361  nm  for  original  PC,  PC1860,  PC2300 
and  PC2800,  respectively  (Shimadzu  XD-610,  Cu  Ka).  The 
d-  values  were  decreased  with  increasing  heat-treatment  tem¬ 
perature,  indicating  the  increase  in  the  crystallinity.  How¬ 
ever,  all  these  values  were  larger  than  that  of  natural  graphite, 
0.3354  nm. 

The  surface  fluorination  of  petroleum  coke  (150  mg)  was 
made  at  150,  200  and  300  °C  by  3  x  104  Pa  elemental  fluorine 
(purity:  99.4-99.7%)  for  2  min,  using  a  nickel  reactor.  The 
composition  of  surface- fluorinated  samples  was  determined 
by  elemental  analyses  of  C,  H  and  F,  which  were  performed 
at  Elemental  Analysis  Center  of  Faculty  of  Pharmaceutical 
Sciences  of  Kyoto  University.  The  surface  composition  was 
also  obtained  by  X-ray  photoelectron  spectroscopy  (XPS, 
Shimadzu  ESCA  1000).  The  surface  areas  and  surface  pore 
volume  distribution  were  measured  by  BET  method  using 
nitrogen  adsorption  (Micromeritics,  Gemini  2375). 

2.2.  Electrochemical  measurements 

Three  electrodes  cell  with  petroleum  coke  as  a  working 
electrode  and  metallic  lithium  as  counter  and  reference  elec¬ 
trodes  were  used  for  cyclic  voltammetry  and  galvanostatic 
charge/discharge  cycling.  The  preparation  of  a  working  elec¬ 
trode  was  described  elsewhere  [4].  The  electrolyte  solution 
was  1  mol  dm-3  LiClC^-ethylene  carbonate  (EC)/diethyl 
carbonate  (DEC)  (1:1,  v/v).  Cyclic  voltammetry  was  done 
at  a  scan  rate  of  lmVs-1  between  0  and  4  V  relative  to 
Li/Li+.  Galvanostatic  charge/discharge  was  performed  at 
current  densities  of  60  and  150  mA  g_1 .  These  electrochem¬ 


ical  measurements  were  carried  out  at  25  °C  in  a  glove  box 
filled  with  argon. 


3.  Results  and  discussion 

3.1.  Composition  of  surface-fluorinated  petroleum  cokes 

The  results  of  elemental  analysis  of  surface-fluorinated 
petroleum  coke  samples  are  given  in  Table  1 .  Fluorine  con¬ 
tents  were  relatively  higher  in  original  PC,  in  particular  in  the 
sample  fluorinated  at  300  °C.  Smaller  amounts  of  fluorine 
were  detected  for  all  the  heat-treated  petroleum  cokes.  Flu¬ 
orine  contents  in  PC  1860,  PC2300  and  PC2800  fluorinated 
at  150  and  200  °C  were  in  the  detection  limit  (<0.2at.%). 
This  suggests  a  large  difference  in  crystallinity  between  orig¬ 
inal  and  heat-treated  petroleum  cokes.  The  fluorine  contents 
were  in  the  range  of  0.3-0.6at.%  for  PC1860,  PC2300  and 
PC2800  fluorinated  at  300  °C. 

Table  2  shows  binding  energies  of  C  Is,  O  Is  and  FIs 
electrons  and  surface  composition  of  petroleum  coke  sam¬ 
ples  and  those  fluorinated  at  300  °C.  The  binding  energies  for 
FIs  electron  are  close  to  that  for  C-F  covalent  bond  (bind¬ 
ing  energy  of  FIs  electron:  689-690  eV)  though  they  de¬ 
creased  from  688.8  to  687.3  eV  with  increasing  crystallinity 
of  petroleum  coke  [15,16].  Corresponding  to  the  FIs  peaks, 
weak  shifted  peaks  of  C  Is  electron  were  observed  at  290.1 
and  288.6  eV  for  fluorinated  samples  of  original  PC  and 
PC  1860,  respectively.  This  is  because  fluorination  reaction 
well  proceeds  for  a  carbon  material  with  a  low  crsytallinity. 


Table  1 


Composition  (at.%)  of  surface-fluorinated  petroleum  cokes 


Fluorination  temperature 

Heat-treatment  temperature  of  petroleum  coke 

Original 

1860 °C 

2300 °C 

2800 °C 

C 

F 

O 

C 

F 

O 

C 

F 

o 

c 

F 

o 

Original 

94.8 

2.9a 

(2.3) 

99.4 

— 

(0.6) 

100.0 

— 

(0.0) 

100.0 

— 

(0.0) 

150  °C 

96.7 

0.9 

(2.4) 

99.8 

0.0 

(0.2) 

100.0 

0.0 

(0.0) 

99.8 

0.0 

(0.2) 

200  °C 

96.5 

1.2 

(2.3) 

99.8 

0.0 

(0.2) 

100.0 

0.0 

(0.0) 

99.8 

0.0 

(0.2) 

300  °C 

90.4 

7.3 

(2.3) 

99.2 

0.6 

(0.2) 

99.6 

0.3 

(0.1) 

99.5 

0.4 

(0.1) 

0:  within  detection  limit  (<0.2  at.%). 

a  Hydrogen  contained  in 

original  petroleum  coke.  No  hydrogen  was  detected  in  heat-treated  petroleum  cokes. 

Table  2 

Binding  energies  of  C  Is, 

O  Is  and  F  Is  electrons  (eV)  and  surface  composition  (at.%)  of  fluorinated  petroleum  cokes 

Fluorination  temperature 

Heat-treatment  temperature  of  petroleum  coke 

Original 

1860 °C 

2300 °C 

2800 °C 

C 

O 

F 

C 

O 

F 

C 

O 

F 

C 

O 

F 

Original 

284.3 

531.7 

— 

284.3 

531.7 

— 

284.3 

531.7 

— 

284.3 

531.9 

— 

300  °C 

285.3,  290.1 

531.9 

688.8 

284.1,  288.6 

531.9 

687.6 

284.1 

531.8 

687.6 

284.1 

531.8 

687.3 

Original 

87.8 

12.2 

— 

91.7 

8.3 

— 

92.4 

7.6 

— 

93.4 

6.6 

— 

300  °C 

44.8 

5.0 

50.2 

72.7 

4.9 

22.4 

81.8 

6.5 

11.7 

89.2 

5.6 

5.2 
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Table  3 

BET  surface  areas  (m2/g)  of  fluorinated  petroleum  cokes 


Fluorination 

temperature 

Heat-treatment  temperature  of  petroleum  coke 

Original 

1860 °C 

2300 °C 

2800 °C 

Original 

6.35 

3.31 

2.33 

2.43 

150°C 

7.35 

3.03 

2.21 

2.85 

200  °C 

8.06 

3.31 

2.27 

2.73 

300  °C 

25.2 

3.20 

2.25 

2.81 

Heat-treatment  of  petroleum  coke  reduced  the  surface  oxy¬ 
gen  by  5.6  at.%.  Fluorination  further  reduced  the  surface 
oxygen  by  7. 2- 1.0  at.%  as  given  in  Table  2.  The  surface  oxy¬ 
gen  of  natural  graphite  powder  (^7  p,m)  was  6  at.%  when 
Shimazu  ESCA  1000  spectrometer  was  used  in  the  present 
study.  However,  it  was  1. 5-2.0  at.%  when  Ulvac  Phi  Model 
5500  spectrometer  was  used  before  [4].  The  difference  in 
the  amounts  of  surface  oxygen  may  arise  from  the  differ¬ 
ence  in  the  vacuum  levels  of  the  spectrometers.  This  sug¬ 
gests  that  the  actual  amounts  of  surface  oxygen  are  about 
4  at.%  lower  than  those  listed  in  Table  2,  that  is,  those  of 
non-fluorinated  and  fluorinated  samples  are  estimated  to  be 
approximately  in  the  range  of  2. 6-8. 2  and  0.9-2. 5  at.%,  re¬ 
spectively.  The  amounts  of  surface  fluorine  significantly  de¬ 
creased  from  50.2  to  5.2  at.%  with  increasing  crystallinity 
of  petroleum  coke,  which  reflects  the  reactivity  of  elemental 
fluorine  with  petroleum  coke  samples. 

3.2.  Surface  structure  change  of  petroleum  cokes  by 
fluorination 

The  BET  surface  areas  and  total  meso-pore  volumes  of 
petroleum  cokes  and  surface-fluorinated  samples  are  sum¬ 
marized  in  Tables  3  and  4.  The  surface  area  of  original  PC 
is  large,  however,  decreasing  to  half  or  less  than  half  by 
heat-treatment.  The  meso-pore  volumes  were  also  reduced 
by  heat-treatment  in  the  same  manner.  The  surface  areas  and 
meso-pore  volumes  were  changed  by  surface  fluorination. 
However,  the  result  was  somewhat  different  depending  on 
the  crystallinity  of  petroleum  cokes.  Surface  area  of  origi¬ 
nal  PC  was  slightly  increased  by  the  fluorination  at  150  and 
200  °C,  and  large  increase  was  observed  for  the  sample  flu¬ 
orinated  at  300  °C.  The  increase  in  the  surface  area  seems  to 
be  proportional  to  the  fluorine  content  in  the  sample.  A  low 
crystalline  carbon  with  a  large  surface  area  is  easily  fluori- 


Table  4 

Total  meso-pore  volumes  (10-4  cm3  g_1)  of  surface-fluorinated  petroleum 
cokes 


Fluorination 

temperature 

Heat-treatment  temperature  of  petroleum  coke 

Original 

1860 °C 

2300 °C 

2800 °C 

Original 

167 

79.5 

59.3 

59.9 

150°C 

128 

78.5 

64.3 

68.8 

200  °C 

140 

76.4 

56.6 

64.5 

300  °C 

204 

111 

53.5 

74.2 

nated,  forming  a  covalently  bonded  C-F  layers,  though  the 
highly  disordered  parts  may  be  lost  by  the  fluorination  as 
CF4  gas.  The  formation  of  graphite  fluoride  layers  enlarges 
the  surface  area  [17]. 

Surface  fluorination  of  PC  1860  and  PC2300  gave  slightly 
different  results.  Surface  areas  of  the  fluorinated  petroleum 
cokes  were  almost  the  same  as  or  slightly  smaller  than  those 
before  fluorination.  The  meso-pore  volumes  had  the  similar 
trend.  Heat-treatment  of  carbon  materials  reduces  their  struc¬ 
tural  disorder  and  simultaneously  surface  areas.  Fluorination 
rate  of  heat-treated  petroleum  cokes  slowed  down  under  the 
same  fluorination  condition.  Disordered  parts  were  mainly 
eliminated  in  the  samples  fluorinated  at  150  and  200  °C,  and 
the  fluorination  level  was  slightly  higher  at  300  °C.  On  the 
other  hand,  fluorination  behavior  of  PC2800  is  rather  similar 
to  that  of  natural  graphite  powder  because  the  surface  areas 
of  PC2800  were  enlarged  by  12-17%  [5-8].  Main  reaction 
would  be  the  formation  of  C-F  covalent  bonds  accompany¬ 
ing  the  carbon-carbon  bond  breaking  which  results  in  the 
formation  of  CF2/CF3  groups. 

Fig.  1  shows  change  in  the  pore  volume  distribution  by 
surface  fluorination.  The  pore  volumes  were  significantly 
decreased  by  heat-treatment  as  also  shown  in  Table  3. 
Fluorination  eliminates  disordered  parts  at  the  surface  as 
CF4  gas  and  causes  carbon-carbon  bond  rupture  leading 
to  the  formation  of  CF2/CF3  groups.  In  case  of  original 
PC,  meso-pores  with  diameters  of  7-8  and  8-9  nm  were 
increased  by  fluorination,  in  particular  those  with  diameter 
of  2-3  nm  were  highly  increased  for  the  sample  fluorinated 
at  300  °C,  while  the  meso-pores  with  diameter  of  2-3  nm 
were  decreased  by  fluorination  for  PC  1860  and  PC2300, 
and  nearly  the  same  for  PC2800.  However,  the  meso-pores 
with  diameters  between  5  and  15nm  were  irregularly  in¬ 
creased  in  case  of  heat-treated  petroleum  cokes.  Among 
the  observed  meso-pores,  relatively  small  ones  with  di¬ 
ameters  of  5-10  nm  were  formed  at  different  fluorination 
temperatures  depending  on  the  heat-treatment  temperatures 
of  petroleum  cokes.  The  optimum  fluorination  temperature 
to  yield  meso-pores  with  diameters  of  5-10  nm  was  ele¬ 
vated  from  150  to  300  °C  with  increasing  heat-treatment 
temperature  of  petroleum  coke  from  1860  to  2800  °C.  To 
create  small  meso-pores,  the  higher  temperature  is  needed 
for  petroleum  coke  with  the  higher  crystallinity. 

3.3.  Cyclic  voltammetry  study  on  the  surface-fluorinated 
petroleum  cokes 

The  cyclic  voltammograms  for  four  kinds  of  petroleum 
cokes  and  surface-fluorinated  samples  are  shown  in  Fig.  2.  A 
large  irreversibility  was  observed  in  the  reduction  and  oxida¬ 
tion  currents  for  original  PC.  The  reduction  current  started  to 
flow  at  1.2  V  and  oxidation  current  was  observed  until  about 
1 .5  V  relative  to  Li/Li+.  The  peak  currents  were  500  mA  g-1 
at  peak  potentials,  0.46-0.53  V  in  oxidation  process.  The 
peak  potential  shifted  from  0.53  to  0.46  V  with  increasing 
cycling.  On  the  other  hand,  heat-treated  petroleum  cokes 
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Fig.  1.  Pore  volume  distribution  of  original  and  heat-treated  petroleum  coke  (PC)  samples  and  those  fluorinated  at  150,  200  and  300  °C:  (a)  original 
petroleum  coke  and  fluorinated  samples,  (b)  petroleum  coke  heat-treated  at  1860  °C  and  fluorinated  samples,  (c)  petroleum  coke  heat-treated  at  2300  °C 
and  fluorinated  samples,  (d)  petroleum  coke  heat-treated  at  2800  °C  and  fluorinated  samples. 
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Fig.  2.  Cyclic  voltammograms  for  original  and  heat-treated  petroleum  cokes  and  those  fluorinated  at  300  °C:  (2-1)  original  petroleum  coke  (a)  and  that 
fluorinated  at  300  °C  (b);  (2-2)  petroleum  coke  heat-treated  at  1860  °C  (a)  and  that  fluorinated  at  300  °C  (b);  (2-3)  petroleum  coke  heat-treated  at  2300  °C 
(a)  and  that  fluorinated  at  300  °C  (b);  (2-4)  petroleum  coke  heat-treated  at  2800  °C  (a)  and  that  fluorinated  at  300  °C  (b).  (1)  First  cycle,  (2)  second 
cycle,  (3)  third  cycle,  (5)  fifth  cycle. 
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exhibited  the  higher  reversibility  in  reduction  and  oxida¬ 
tion  currents  (Fig.  2- 1(a),  2-2(a),  2-3(a)  and  2-4(a)).  The 
potentials  at  which  reduction  currents  started  to  increase 
and  oxidation  currents  almost  disappeared  were  shifted  to 
lower  potentials.  The  oxidation  peak  currents  increased 
to  600  mAg-1  or  more,  and  peak  potentials  were  lo¬ 
cated  at  0.32-0.36,  0.36  and  0.35  V  for  PC1860,  PC2300 
and  PC2800,  respectively.  In  the  first  reduction  process, 
a  reduction  peak  indicating  the  formation  of  solid  elec¬ 
trolyte  interface  (SEI)  is  observed  at  0.60  V  [18].  In  the 
present  study,  reduction  peaks  appeared  at  0.55-0.60  V 
for  heat-treated  petroleum  cokes  though  it  was  not  clearly 
observed  for  original  PC.  The  reduction  peak  indicating 
SEI  formation  was  the  smallest  for  PC  1860  and  increased 
with  increasing  heat- treatment  temperature  from  1860  to 
2800  °C  (Fig.  2-2(a),  2-3(a)  and  2-4(a)).  The  formation  of 
SEI  proceeds  with  intercalation  of  solvated  lithium  ion  into 
surface  region  of  a  carbonaceous  electrode  and  subsequent 
decomposition  of  the  solvents  [19,20].  The  results  suggest 
that  the  SEI  formation  is  easier  for  a  carbon  with  moderate 
graphitization  degree. 

The  fluorination  degree  was  higher  for  original  PC  than 
other  heat-treated  petroleum  cokes  as  already  mentioned. 
Cyclic  voltammogram  for  original  PC  fluorinated  at  300  °C 
shows  a  large  reduction  current  at  ca.  2.3  V  in  first  reduction 
curve  as  shown  in  Fig.  2- 1(b).  The  reduced  fluorine  atoms 
would  be  those  bonded  to  basal  plane  of  carbon  because 
fluorinated  carbon  having  a  large  amount  of  fluorine  atoms 
at  its  edge  plane  has  a  small  discharge  capacity  between 
2  and  3  V  versus  Li/Li+  as  a  cathode  of  primary  lithium 
battery  [21].  This  suggests  that  fluorine  atoms  bonded  to 
edge  plane  of  a  carbon  material  are  more  stable  than  those 
bonded  to  basal  plane.  The  oxidation  peaks  were  observed 
at  0.36-0.50  V  lower  than  0.46-0.53  V  for  original  PC 
though  the  peak  currents  were  low.  Surface  fluorination  of 
heat-treated  petroleum  cokes  gives  several  positive  effects 
to  their  electrochemical  behavior.  Oxidation  peaks  were 
observed  at  0.32  V  for  PC  1860  and  PC2300  and  0.31  V  for 
PC2800.  Thus,  the  peak  potentials  were  slightly  shifted  to 
the  lower  values  and  the  peak  currents  were  increased  by 
surface  fluorination.  This  means  that  the  reversibility  of 
lithium  ion  intercalation  and  deintercalation  into  and  from 
petroleum  coke  was  improved  by  surface  fluorination.  No 
reduction  currents  were  observed  at  around  2.5  V  for  any 
of  heat-treated  petroleum  cokes. 

In  addition  to  the  reduction  peaks  at  0.55-0.60  V 
indicating  the  decomposition  of  EC  and  subsequent  for¬ 
mation  of  SEI,  the  other  reduction  peak  was  clearly  ob¬ 
served  at  0.76  V  in  the  first  reduction  curve  for  fluorinated 
PC2800  (Fig.  2-4(b)).  The  same  peak  was  also  observed  for 
surface-fluorinated  carbon  film  [22].  In  the  present  study, 
no  reduction  peak  was  observed  at  0.8  V  before  fluorination 
and  from  second  cycle  for  the  surface-fluorinated  sample 
(Fig.  2-4).  Only  a  trace  amount  of  fluorine  (0.2  at.%)  was  de¬ 
tected  by  XPS  analysis  for  surface-fluorinated  graphite  sam¬ 
ples  after  they  were  subjected  to  charge/discharge  cycling 


between  0  and  3  V  versus  Li/Li+  [4] .  This  means  that  sur¬ 
face  fluorine  is  reduced  as  LiF  by  the  reaction  with  lithium: 

CF  +  Li+  +  e~  -*  C  +  LiF  (1) 

Considering  these  results,  one  possible  interpretation  for  the 
reduction  peak  observed  at  0.76  V  is  that  fluorine  bonded 
to  the  surface  of  carbon  is  electrochemically  reduced  at  ca. 
0.8  V  versus  Li/Li+. 

Fluorination  reaction  replaced  surface  oxygen  to  fluorine 
by  7. 2-1.0  at.%  as  given  in  Table  2.  Reduction  of  fluorine 
would  facilitate  the  formation  of  SEI  with  LiF,  giving  a  new 
carbon  surface  with  less  amount  of  oxygen. 

3.4.  Charge/discharge  characteristics  of 
surface-fluorinated  petroleum  cokes 

Potential  curves  for  original  PC  gradually  decreased  and 
increased  with  intercalation  and  deintercalation  of  lithium 
ion,  respectively  (Fig.  3- 1(a)).  However,  the  profile  of  po¬ 
tential  curves  for  heat-treated  petroleum  cokes  was  rather 
similar  to  that  for  natural  graphite  as  shown  in  Fig.  3-2(a). 
The  charge  capacities  of  original  PC  and  PC  1860  were 
in  the  range  of  246-258  mAh  g-1  and  those  of  PC2300 
and  PC2800  were  in  the  range  of  285-306  mAh  g-1  at 
60  mA  g- 1 .  The  capacities  of  heat-treated  petroleum  cokes 
were  in  the  range  of  180-218  mAh  g-1  at  150 mAg-1. 
These  values  are  lower  than  ca.  360  mAh  g-1  of  natural 
graphite  powder  at  a  current  density  of  60 mAg-1  [4-8]. 
This  may  be  because  graphitized  petroleum  cokes  have  a 
lower  crystallinity  than  natural  graphite  as  shown  by  d(0  0  2) 
values.  When  crystallinity  of  a  carbon  material  is  relatively 
low  (original  PC  and  PC  1860  in  the  present  study),  amount 
of  lithium  ions  accommodated  between  two  graphene  layers 
is  relatively  small  because  the  carbon  takes  a  turbostratic 
structure  [23].  Heat-treatment  at  higher  temperatures  than 
2000  °C  improves  the  crystallinity  of  a  carbon  material  and 
increases  the  capacity.  For  this  reason,  PC2300  and  PC2800 
possess  the  higher  capacities  than  original  PC  and  PC  1860. 
Tables  1  and  2  indicate  that  original  PC  was  highly  flu¬ 
orinated  at  300  °C.  The  discharge  of  fluorine  is  observed 
between  2.7  and  1.0  V  as  shown  in  Fig.  3-l(b).  However, 
the  potential  profile  was  unchanged  by  surface  fluorination 
in  case  of  PC2800  except  the  first  discharge  curves  below 
1  V  (Fig.  3-2).  PC2300  and  PC2800  also  represented  sim¬ 
ilar  potential  curves  at  a  current  density  of  150 mAg-1  as 
shown  in  Fig.  4.  Tables  5  and  6  show  the  effect  of  surface 
fluorination  on  the  charge  capacities  at  60  and  150 mAg-1, 
respectively.  It  was  found  that  surface  fluorination  did  not 
give  a  positive  effect  to  charge  capacities  of  petroleum 
cokes  except  one  sample  (PC2800  fluorinated  at  300  °C  in 
Table  6),  which  gave  10.9-16.7%  higher  capacities  than 
non-fluorinated  one. 

First  coulombic  efficiencies  of  non-fluorinated  petroleum 
cokes  varied  depending  on  the  heat- treatment  temperatures, 
that  is,  the  crystallinity  of  petroleum  coke  samples.  PC  1860 
exhibited  high  first  coulombic  efficiencies,  90.2-89.1%. 
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Fig.  3.  Charge/discharge  curves  for  petroleum  coke  samples  and  those 
fluorinated  at  300  °C,  obtained  at  a  current  density  of  60mAg_1:  (3-1) 
original  petroleum  coke  (a)  and  that  fluorinated  at  300  °C  (b);  (3-2) 
petroleum  coke  heat-treated  at  2800  °C  (a)  and  that  fluorinated  at  300  °C 
(b). 


4-2  (a)  Capacity/mAhg'1 


4-2  (b)  Capacity/mAhg'1 


Fig.  4.  Charge/discharge  curves  for  petroleum  cokes  heat-treated  at  2300 
and  2800  °C  and  those  fluorinated  at  300  °C,  obtained  at  a  current  density 
of  150  mAg-1:  (4-1)  petroleum  coke  heat-treated  at  2300  °C  (a)  and  that 
fluorinated  at  300  °C  (b);  (4-2)  petroleum  coke  heat-treated  at  2800  °C 
(a)  and  that  fluorinated  at  300  °C  (b). 
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Table  5 

Charge  capacities  (mAhg-1)  of  petroleum  coke  samples  at  first  and  10th 
cycles,  obtained  at  a  current  density  of  60mAg-1 


Fluorination 

temperature 

Heat-treatment  temperature  of  petroleum  coke 

Original 

1860 °C 

2300 °C 

2800 °C 

Original 

258-246 

249-246 

300-285 

306-291 

150  °C 

249-243 

240-237 

297-285 

312-291 

200  °C 

249-234 

240-237 

291-282 

312-291 

300  °C 

249-231 

240-240 

285-285 

306-300 

However,  first  coulombic  efficiencies  were  decreased  with 
increasing  heat-treatment  temperature  of  petroleum  coke, 
that  is,  71.9-70.0  and  65.4-63.6%  for  PC2300  and  PC2800, 
respectively,  while  natural  graphite  samples  with  high 
crystallinity  exhibited  high  first  coulombic  efficiencies  of 
80-85%  [4-8].  The  first  coulombic  efficiencies  obtained 
for  petroleum  cokes  well  coincide  with  those  obtained  by 
cyclic  voltammetry.  As  already  shown  in  Fig.  2,  the  reduc¬ 
tion  peak  of  EC  at  0.6  V  was  the  smallest  for  PC  1860,  and 
increased  for  PC2300  and  PC2800.  This  means  that  some¬ 
what  disordered  surface  is  preferable  for  accommodating 
solvated  lithium  ions  in  the  surface  region  and  subsequent 
decomposition  of  the  solvents  to  form  SEI.  It  was  recently 
reported  by  high  resolution  transmission  electron  micro¬ 
scopic  study  that  edge  plane  of  heat-treated  carbon  is  closed 
by  carbon-carbon  bond  formation  [24],  which  would  give 
some  difficulty  to  electrochemical  insertion  of  solvated 
lithium  ion  into  surface  region  of  a  carbon  material.  This 
may  be  the  main  reason  why  the  first  coulombic  efficiencies 
of  PC2300  and  PC2800  were  lower  than  that  for  PC  1860. 
On  the  other  hand,  natural  graphite  powder  is  prepared  by 
pulverization  of  flake  sample.  Therefore,  its  surface  may  be 
open  though  some  oxygen  atoms  are  bonded. 

An  interesting  result  obtained  in  the  present  study  is  that 
first  coulombic  efficiencies  were  significantly  increased 
by  surface  fluorination  for  PC2300  and  PC2800  as  given 
in  Tables  7  and  8.  The  first  coulombic  efficiencies  were 
increased  by  12.2-18.2%  when  they  were  fluorinated  at 
300  °C,  and  those  of  PC2300  fluorinated  at  150  and  200  °C 
were  increased  by  0.5-6.5%.  This  is  also  shown  in  Figs.  3-2, 
4-1  and  4-2,  in  which  the  potentials  at  first  cycle  quickly 
lowered  below  1  V  for  surface-fluorinated  samples. 

Several  factors  should  be  considered  for  the  increase 
in  first  coulombic  efficiencies  of  PC2300  and  PC2800  by 


Table  7 


First  coulombic  efficiencies  (%)  for  petroleum  coke  samples  at  a  current 
density  of  60mAg-1 


Fluorination 

temperature 

Heat-treatment  temperature  of  petroleum  coke 

Original 

1860 °C 

2300 °C 

2800 °C 

Original 

72.3 

90.2 

71.9 

65.4 

150°C 

68.6 

87.9 

72.8 

61.5 

200  °C 

68.6 

87.9 

72.4 

60.5 

300  °C 

47.4 

83.3 

84.1 

83.6 

fluorination.  They  are  surface  structure  and  influence  of 
surface  chemical  species  such  as  fluorine  and  oxygen.  In 
case  of  natural  graphite  powder  with  high  crystallinity,  first 
coulombic  efficiencies  were  almost  the  same  as  those  of 
non-fluorinated  samples  when  fluorinated  between  150  and 
300  °C  notwithstanding  the  surface  areas  were  increased  by 
17-77%  [4-8].  On  the  other  hand,  the  surface  areas  were 
slightly  decreased  by  fluorination  for  PC2300  and  somewhat 
increased  for  PC2800.  The  increase  in  the  surface  areas 
was  only  ~17%  for  PC2800  (Table  3)  because  surface  dis¬ 
ordered  part  is  eliminated  as  CF4  gas.  Since  enlargement  of 
electrode  area  facilitates  a  reaction  rate,  it  is  expected  that 
reduction  of  EC  is  more  accelerated  at  the  surface  of  fluo¬ 
rinated  natural  graphite  powder  than  fluorinated  petroleum 
coke  samples.  Increase  in  the  surface  area  by  fluorination 
will  give  a  disadvantage  to  first  coulombic  efficiency.  Nev¬ 
ertheless,  the  coulombic  efficiencies  were  nearly  the  same 
after  surface  fluorination  for  natural  graphite  powder  when 
it  was  fluorinated  between  150  and  300  °C.  Surface  fluorina¬ 
tion  of  natural  graphite  samples  increased  small  meso-pores 
with  diameters  of  2-3  nm  [5,6],  which  can  make  easier  the 
accommodation  of  solvated  lithium  ion  in  the  surface  region 
of  graphite  and  formation  of  SEI.  On  the  other  hand,  the 
change  in  the  surface  areas  was  small  before  and  after  fluori¬ 
nation  in  case  of  PC2300  and  PC2800.  This  is  an  advantage 
for  heat-treated  petroleum  cokes  because  electrochemical 
decomposition  of  EC  does  not  increase.  Another  advan¬ 
tage  given  by  fluorination  would  be  the  increase  in  surface 
disorder  of  PC2300  and  PC2800  by  carbon-carbon  bond 
breaking.  Edge  plane  closed  by  carbon-carbon  bond  forma¬ 
tion  due  to  heat-treatment  would  be  opened  by  fluorination 
reaction  with  formation  of  CF2/CF3  groups.  The  opening  of 
edge  plane  can  make  easy  the  accommodation  of  solvated 
lithium  ion  at  edge  surface  to  facilitate  the  SEI  formation. 


Table  6 

Charge  capacities  (mAhg-1)  of  petroleum  coke  samples  at  first  and  10th 
cycles,  obtained  at  a  current  density  of  150mAg-1 


Fluorination 

temperature 

Heat-treatment  temperature  of  petroleum  coke 

1860°C 

2300 °C 

2600 °C 

Original 

184-195 

210-218 

210-180 

150  °C 

165-173 

180-150 

218-188 

200  °C 

165-180 

195-165 

210-180 

300  °C 

169-180 

188-203 

233-210 

Table  8 


First  coulombic  efficiencies  (%)  for  petroleum  coke  samples  at  a  current 
density  of  150  mAg-1 


Fluorination 

temperature 

Heat-treatment  temperature  of  petroleum  coke 

1860°C 

2300 °C 

2800 °C 

Original 

89.1 

70.0 

63.6 

150°C 

88.0 

75.0 

54.7 

200  °C 

88.0 

76.5 

59.6 

300  °C 

81.8 

83.3 

79.5 
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Adsorption  of  a  polar  solvent  molecule  such  as  EC  may 
have  a  difficulty  on  surface- fluorinated  petroleum  cokes  due 
to  the  hydrophobic  nature  of  CF2  and  CF3  groups  with  co¬ 
valent  bonds.  Fluorine  atoms  bonded  to  graphite  surface  is 
finally  removed  as  FiF  by  the  electrochemical  reduction  be¬ 
cause  the  amount  of  fluorine  detected  by  XPS  analysis  was 
only  0.2at.%  after  charge/discharge  cycling  [4].  FiF  thus 
formed  on  petroleum  coke  would  facilitate  the  SEI  forma¬ 
tion  as  one  of  the  constituents  of  SEI. 

The  other  effect  of  surface  fluorination  would  be  the  de¬ 
crease  in  the  amounts  of  surface  oxygen.  Some  of  surface 
oxygen  atoms  are  replaced  by  fluorine  as  shown  in  Table  2. 
The  decrease  in  the  surface  oxygen  by  fluorination  was 
1. 1-1.0  at.%  for  PC2300  and  PC2800.  Since  surface  oxygen 
interacting  with  lithium  ion  is  one  of  the  factors  to  increase 
the  irreversible  capacity,  replacement  of  surface  oxygen  to 
fluorine  is  found  to  give  a  positive  effect  to  first  coulombic 
efficiency. 

4.  Conclusion 

Effect  of  surface  fluorination  on  the  surface  structure 
and  electrochemical  characteristics  changes  depending  on 
the  crystallinity  and  surface  structure  of  petroleum  cokes. 
Surface  areas  of  petroleum  coke  samples  were  nearly  the 
same  as  those  of  non-fluorinated  ones  or  slightly  increased 
by  surface  fluorination  because  the  crystallinity  is  not  as 
high  as  that  of  natural  graphite  even  in  PC2800.  Surface 
fluorination  by  elemental  fluorine  also  reduced  surface 
oxygen  interacting  with  lithium  ion.  In  addition,  surface 
fluorination  increases  surface  disorder  of  graphitized  car¬ 
bon  materials  [4-7],  that  is,  would  open  the  edge  plane 
by  carbon-carbon  bond  breaking  to  yield  CF2/CF3  groups, 
which  makes  easier  the  accommodation  of  lithium  ions  in 
the  surface  region  of  carbon.  These  factors  would  reduce 
the  electrochemical  decomposition  of  EC  and  facilitate  the 
SEI  formation,  leading  to  the  high  coulombic  efficiencies 
of  PC2300  and  PC2800  fluorinated  at  300  °C. 
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